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Introduction
The statistical analysis of sport performance is popular but troublesome (Atkinson and Nevill, 2001 ). There are many caveats, especially if one wants to analyse the alleged impact of, for instance, training methods or drugs on sport performance. In this paper, I follow an alternative approach and start from a precise measurement of performance and subsequently describe its determinants. I model long-distance average running speed V (V = DIST/T, where DIST is the race distance in metres and T is the time to run distance DIST in seconds) as a function of age (AGE, measured in years), distance (DIST) and sex (G = 1 for men and 0 for women). These results are compared with medical findings about the relationship between maximal oxygen uptake and age and official track and field tables used to correct individual performances for age.
The main focus of this paper is on the relationship between average running speed and age. We know with certainty that babies and dead people can't run. But how does long-distance running performance develop during our lifetime? As teenagers we make substantial progress, but it is unavoidable that we slow down after a certain age. At what age do we perform optimally and how fast do we slow down?
There are some basic notions about the impact of ageing on running performance. For instance, the World Masters Athletes (WMA), formerly the World Association of Veteran Athletes (WAVA), publishes age-group dependent correction factors. These correction factors are used to grade results in track and field and road-racing events. One of the serious flaws of the WMA data is the rather arbitrary subdivision of ages into age classes (of 5 years). The aim here is to present more precise cross-event, cross-sex estimates of correction factors. The WMA tables probably also overestimate the capabilities of very old runners (Fair, 1994) . Using a statistical model, I simulate 'normal' values for average speed depending on age, various distances (varying from 5000 to 42,195 m) and sex. These 'normal' values can be compared with the official age-grading tables.
I use long-distance running data to analyse the impact of ageing on endurance, because these data are age-specific and publicly available. I include data on US record times for distances between 5000 and 42,195 m (the marathon) for men and women aged 3-95 years. It is known that the average running speed observed in road-racing events suffers from measurement error. Therefore, I compute the 'normal' values based on smoothing out measurement errors in the data via ordinary least squares.
In the next section, I present the basic theoretical notions for modelling average running speed V. In particular, I discuss the impact of age and distance on running speed. I do not derive a formal model, but present some plausible physiological assumptions in explaining V. I then introduce the data and provide some basic descriptive statistics. Following this, I present the model that predicts the optimal speed based on age, distance and sex. Moreover, I present various robustness checks on the results and compare the results with findings presented in the literature. Finally, I provide a summary and present my conclusions.
Theory
The maximal running speed in anaerobic events (such as the 100 m dash) depends on the muscular structure of the body. The physiological differences in muscular strength between women and men determine to a large extent the differences in results between the sexes. It is known, for instance, that in sprint events women require a longer distance to reach their maximal instantaneous running speed: 67 m for women versus 50 m for men (Grubb, 1998) . It is also clear that in sprint events there are wide differences in running speed during the event. This fact makes it troublesome to use average running speed V as an indicator of performance. In aerobic events, such as the marathon, endurance is the most prominent physical characteristic. Here it is the ability of the body to transport oxygen to the muscles (mostly described by maximal oxygen intake or _ V V O 2max ) that plays a key role. Again the differences in muscular structure between women and men allow men to run faster. Differences in running speed between the sexes during the events are smaller though (Grubb, 1998) . The aerobic events are also characterized by the notion that a constant running speed is optimal during races over distances of more than 800 m (Keller, 1974) , which allows us to use average running speed V as a performance indicator.
I focus on the lower bounds of running time T (Blest, 1996) and thus the human performance frontier. This implies that we should analyse average running speed V given perfect race conditions, the use of optimal training methods and the best equipment possible, and perhaps more importantly, the mental ability of the athlete to compete. Fair (1994) postulated a relationship between the lower bound of running time T and age as depicted in Fig. 1 . The lower bound is infinite for small babies, falls until a certain age, remains constant (between age h and j) and then starts to rise. Fair was interested in the latter stage and assumed a rather modest linear incline from age j up to age k, whereafter the increase is assumed to be quadratic. Fair estimated this age k for men using only age-specific data for both running and field events. For various models, Fair observed that 47-48 years appears to be the critical age. Moreover, Fair concluded that the rate of physical deterioration of the human body is slow, but faster than the WMA would have us believe. This implies that official age-correction factors, such as those used by the WMA or those available via the Masters Age-Graded Tables (see Mundle et al., 1989) , do not favour older runners.
Without concerning ourselves too much about physiology, why would we expect a pattern as shown in Fig. 1 ? The growth of the body, muscles and hormones increases running performance during our youth. Using specific training methods, athletes are able to increase their natural maximal oxygen uptake. After a certain age, maximal oxygen uptake decreases. Fair referred to studies that reported results for ages between 40 and 70 years. Although the estimates vary, a decline of 0.5-0.9% per year seems to be a meta-outcome (see Dehn and Bruce, 1972; Heath et al., 1981; Rogers et al., 1990) . For ages close to 40, the lower figure applies, while the decline is larger for older people.
Apart from age, I use variation in distances to assess the relation between running speed and both age and sex. Riegel (1981) and Blest (1996) used a log-linear model, log(T) = a +b log(DIST) to fit world records, where T is the running time in seconds and DIST is the distance in metres. Normal values for a are around -2.7 and for b around 1.1. This model can also be formulated in terms of speed: log(V) = 7a +(1 7 b)log (DIST), where V is the average running speed in metres per second. Grubb (1998) used this model and found common values of b for both men and women. Francis (1943) proposed the following model: V = C +A/(log(DIST) 7B), where C is the speed at very long distances, exp(B) is the asymptote of the distance where the maximum speed can be observed and A is a measure of the decrease in speed as distance increases. For this model, Grubb (1998) concluded that female runners have a lower long-distance speed C, but also a slightly lower rate of slowing down A. Keller (1974) estimated B, the turning point for anaerobic to aerobic effort, to be 291 m (so by using long-distance data we can be sure to analyse aerobic events).
Another aspect of the model presented here is the joint impact of age and distance on V. Do older runners perform relatively better in long-distance events? In professional athletics, older runners switch from the 1500 to 3000 or 5000 m events, and 10,000 m runners to the half marathon and marathon. The ability to run at high average speed appears to decline with age, while endurance can be stimulated and intensified by training. Fair (1994) found evidence for the age-distance hypothesis for men aged 35-70 years. After 70 years of age, performances at long distances appear to slow down relatively quickly. This implies that a distance correction must be age-dependent. More simple analyses of differences between running times by an age-independent factor [as described by, for example, Robinson and Tawn (1995) for the 3000 and 1500 m, where the ratio of the times for 3000 to 1500 m is around 2.16] must, therefore, be interpreted with care.
Here, I follow Fair's (1994) modelling strategy to a large extent. I use his postulated relation between average running speed V and age. The present study has a different purpose though. I analyse only longdistance running data. Fair also analysed field events such as the long jump and pole vault. Because these events focus on muscular strength and we are only interested here in endurance, I do not include field events in the analysis. Moreover, I analyse average running speed for men and women, whereas Fair only studied men. By doing this, I was able to use more data and test for similarities between men and women. Another difference with Fair's study is that I analyse lifetime development, whereas Fair restricted himself to ages over 35. Since Fair was interested in the mysterious age at which a serious decline in the male body begins, he used a special frontier estimation method to estimate the curve of Fig. 1 . I take another approach and consider the contour of Fig. 1 to contain measurement error. With that in mind, I test whether we can combine data from the various events for both women and men, since the literature shows that the male and female contours have similar shapes across distances and sex.
Data
In athletics, there is a tradition for measuring the effects of ageing. Various athletic organizations publish agegraded records (see Mundle et al., 1989) , which are used by race officials in age-graded events. The WMA published the first set of data in 1989 and provides an update every 5 years. The set contains data for both outdoor and indoor records for men and women for various events ranging from the 100 m to one-hour runs (also for various field events). The WMA data provide records per 5-year age class. The Masters AgeGraded Tables (MAGT) present similar information for track events. One of the disadvantages of both sets is that it is unclear how the tables are compiled. Moreover, as Fair (1994) argued, the official age-graded tables appear to be biased against older runners. I therefore start the analysis by observing actual records per age and distance. I used data from the US-based Long Distance Running Association (2001), an association that keeps records of road-racing events over various distances in the USA. For each age, the fastest time ever ran by an American citizen is recorded with the name, sex and date of birth of the runner, as well as the name and date of the race. Moreover, the set contains information on special conditions of the event (downhill track, wind, etc.) and presents corrected data if necessary. The following distances are recorded: 5000, 8045 (5 miles), 10,000, 12,000, 15,000, 16,090, 20,000, 21,097.5 (half marathon), 25,000, 30,000, 42,195 (marathon) and 80,450 m (50 miles). The recorded ages vary from 3 to 95 years. Figure 2 provides an overview of the nature of the data. It plots the average running speed (vertical axis) of women of various ages (horizontal axis) for the marathon. This figure shows two lines: MARV for the raw data and HMARATV for the so-called filtered series (I use the Hodrick-Prescott filter; see Hodrick and Prescott, 1997) . Figure 2 shows a pattern that can be observed in the plots of age-dependent speeds of other distances for both women and men. Figure 2 also presents information about another feature of the data: measurement error of the true underlying, but unobserved, human average running speed function of age. There are various reasons to believe that measurement error is present in the data. Individual strong performance can distort the general pattern. Moreover, for very young and very old ages (say below 10 and above 75 years), there are only a few observations. Because we are interested here in the general development of human endurance, we require series without measurement error. We can solve this problem in two ways. First, as is done in Fig. 2 , we can smooth the individual series and compute 'normal' values. However, this method does not exploit all available information. The alternative method uses all the data (for all events and possibly for both men and women) and therefore contains more information. This latter pooling method is used in the next section.
Modelling running speed
In this section, I present a statistical analysis of the relationship between average running speed V and age (AGE), distance (DIST) and sex (G). I use all the available information to derive a theoretical prediction of running speed of a female or male runner of a certain age over a specific distance. The data are smoothed to cope with measurement error. Figure 3 presents a contour plot of the running speed data for men. The events are ordered along the inward axis (distances in metres), age (in years) along the horizontal axis and average running speed (in metres per second) along the vertical axis.
First, using the econometric software package EVIEWS version 3.1 (Quantitative Micro Software, 1999), I estimate an n th -order polynomial for all events for men and women separately. The dependent variable is average running speed V and the independent variables are: age (AGE), its higher-order terms (AGEi), distance (DIST) and its higher-order terms (DISTi). I tested for the inclusion of higher-order terms one at a time: this resulted in a fifth-order polynomial in age and distance. Table 1 presents the results for the models for both men and women. In the first column, the independent variables are denoted. AGEDIST is the product of age and distance and AGE2DIST is the squared value of age multiplied by distance. N denotes the number of observations used and SSR is the sum of squared residuals, a measure of the goodness-of-fit of the model. The second and third columns present the Note: AGE = age (years); AGEi = AGE to the power i; DIST = distance (in kilometres); DISTi = distance to the power i; AGEDIST = age*distance; AGE2DIST = (age) 2 *distance; C = the intercept. The standard errors are White heteroscedasticity corrected. N = number of observations, SSR = sum of squared residuals. estimated coefficients and corresponding t-values for men; columns 4 and 5 give the corresponding results for women. The table shows that the results are similar for men and women. There is no basic difference in the shape of the polynomial. Therefore, I use a pooled model for both men and women and use fixed effects for sex G. In this pooled model, I assume that the shape of the function estimated is identical for both men and women. The only difference is the intercept: there is a constant difference between the running speed of men and women. Table 2 presents the results of this pooled model. This table includes a description of the independent variables (as in Table 1 ) in the first column. The second column includes the estimated parameters of the pooled model. The third column includes the corresponding t-values. The F-test on pooling the model equals 0.40, which justifies pooling.
I now examine the pooled set for the interaction between age, distance and sex. Table 3 presents the model that gives the best statistical fit. The structure of this table is identical to the structure of Tables 1 and 2 . The first column includes the headers of the independent variables (see also the table footnotes for a description of the symbols). The second and third columns include the estimated parameters and the corresponding t-statistics. There are significant interactive terms between age and distance, between age and sex, and between distance and sex. Up to the age of 54 years, for example, there is a relative advantage in running longer distances. After 54 it would appear to be more profitable again to switch to shorter distances. This result contradicts current so-called 'best practice' approaches to correcting for age in running events.
The results in Table 3 can be used to derive a theoretical prediction of the speed of men and women across distances and age. Figure 4 shows the smoothed contour plot for male average running speed. This plot is constructed using the estimated parameters of column 2 of Table 1 . This figure corresponds to Fig.  3 , which contains the raw data. The female contour looks at first sight to be similar, but is slightly different (see Fig. 5 ). As is clear from the results of smoothing, per distance ageing has a slightly different impact on female average running speed. Although male average running speed shows a slow linear decline up to the age of 70-72 years and a steep decline after that, female Note: G = 1 if male, 0 if female; AGE = age (years); AGEi = AGE to the power i; DIST = distance (in kilometres); DISTi = distance to the power i; AGEDIST = age*distance; AGE2DIST = (age) 2 *distance; C = the intercept. The standard errors are White heteroscedasticity corrected. N = number of observations, SSR = sum of squared residuals. Note: AGE = age (years); AGEi = AGE to the power i; DIST = distance (in kilometres); DISTi = distance to the power i; AGEDIST = age*distance; AGE2DIST = (age) 2 *distance; G = sex (1 if male, 0 if female); AGEG = age*sex; AGEiG = age to the power i*G; DISTG = distance*G; DISTiG = distance to the power i*G; C = the intercept. The standard errors are White heteroscedasticity corrected. N = number of observations, SSR = sum of squared residuals.
average running speed shows a stronger but constant decline after 42 years. Both men and women show relatively strong performances in the marathon compared with the 30,000 m. This might be due to a lack of competition in the 30,000 m event.
The contour plots are rather difficult to use in day-today practice. Therefore, the plots are transformed into age-correction factors. The maximum average running speeds for both men and women are normalized to 1. Table 4 gives the implied correction factors for men and Table 5 those for women. One can see that the absolute highest average running speed is for the 5000 m event for men aged 27-28 years. The 'best' ages for maximal average running speed in longer events is a bit higher. The tables show a steady decline of average running speed between 40 and 70 years; this is in line with the results of the analysis of the relationship between maximal oxygen uptake and age. It should be noted that Tables 4 and 5 present theoretical correction factors, which might be unrealistic in some cases. This applies in particular to the results for very young and old ages. Although 3-year-old boys run 5000 m, it is rather unlikely that a 2-year-old girl will run a marathon, because official marathon events require a minimum age for competitors. Despite this practical drawback, I prefer to give the complete table values to provide full information.
Next, I turn to the implied differences between female and male average running speed. Figure 6 shows a contour plot of the differences in average running speed between women and men. The plot clearly shows that girls are faster than boys up to the age of 6 years. After that, men are at an advantage up to the age of 30. Women then improve relative to men until the age of 42. After that, men are at a relative advantage up to 72 years. After that age women definitely show the stronger results. It would appear that the distance is not a crucial determinant of the difference between women and men (see next section on the robustness check of the model).
Robustness for the selection of events
One can question the weighting of events in the estimation. After viewing the data, it is clear that some of the distances are less competitive than others. At distances of 8045, 12,000, 30,000 and 80,450 m, predicted running speed is below average, while the half marathon shows more competition and higher average speeds. To that extent, I re-estimated the model to include the 5000, 10,000, 15,000, 16,090, Table 6 . The table shows that the interaction between distance and sex disappears. This is in line with the simple correlation between speed and distance for men and women. Moreover, it can be seen that the order of the polynomial decreases.
For distance there is only a third-order effect, whereas for age there is a fourth-order adjustment. However, the general pattern of the results remains the same.
Predictions from the restricted model are used to forecast the excluded events and to compare the actual , over 12,000 m by 0.31 m × s 71 and over 30,000 m by 0.06 m × s 71 on average. How serious this overestimation is can be judged by comparing actual and predicted running times. For instance, for the 12,000 m event, for which the overestimation is greatest, a record time of 34 min and 19 s for 25-year-old men is predicted to be 32 min and 35 s. One could interpret the overestimation of average running speed as being due to the relatively poor performance over these distances. Over 80,450 m, the model predicts speeds 
Comparison with other age-grading results
To validate the results and to show their usefulness, I provide an indication of the relative performance of the model. I compare the results for the age-independent top-performance per distance with the world records. I predict the marathon-time from the 5000 m record. Readers should bear in mind that the official 5000 m record is a track record, whereas the marathon is a road event. As shown above, there is no significant difference between the slope of the speed-distance curves for men and women in the data. My prediction from the 5000 m world record (run at a speed of 6.585 m × s
71
) is that the marathon could be run at 87.7% of that speed. This implies that the men's marathon could be run at a speed of 5.775 m × s
, which would give a record time of 2:01.47. This is far below the current record time of 2:05.38. For women, the average marathon running speed is 87.4% of the average running speed over 5000 m, which implies that the current 5000 m world record (run at a speed of 5.760 m × s 71 ) would give a marathon time of 2:19.42, more than 2 min faster than the current record time (2:17.18). This implies that the model, although tough for men on the one hand and a bit weak for women on the other, is suited to fit absolute world records.
I now compare the present results with those of Fair (1994) and those in the WMA tables. Remember that Fair analysed male results only. Fair provided general scores for the 5000 to 21,097.5 m (half marathon) for men aged 35-90 years, and separate scores for the 100, 200, 400-21,097.5 (one class), 30,000-32,180 (one class) and 42,195 m (marathon) . Fair concluded that his scores were 'weaker' for older runners. For instance, for a 70-year-old male runner, the MAGT predicts a general correction factor of 0.719, whereas Fair reported 0.699 for his 400-21,097.5 m class. If we take the 10,000-12,000 m class as an equivalent, we get 0.679 on average. So the present results imply a relatively stronger correction for older runners. For the marathon, we can only compare the present results with those of Fair. Fair found a correction factor of 0.742 for a 70-year-old man (see Fair, 1994, Table 3 , p. 114), whereas we get 0.613 (see Table 4 ). Fair, therefore, was far more optimistic with respect to average running speed during a marathon by 70-yearold men, which might be due to the fact that he did not use the results for older ages in his estimation.
The WMA records are for 5-year age groups after 40 years. Table 7 provides the relevant scores for men and Table 8 for women. Let us compare the results for 40-year-old and 70-year-old men and women. For 40-year-olds, there is hardly any difference between the WMA and my correction factors. It would appear that the WMA scores assume that athletes are able to maintain their high average running speed at an older age (mostly 33-35 years for the long distances, instead of our 30 years at the maximum). This assumption mainly affects the differences between the WMA tables and my tables at age 40 years. For 70-year-old men, we find a lower correction factor for the 5000 m (0.725 compared with the WMA correction factor of 0.737). For the marathon, we get 0.613 for the same class, instead of the WMA correction factor of 0.754. For 70-year-old women, we get a correction factor of 0.649 for the 5000 m, which is lower than the WMA equivalent of 0.697. For the marathon, we get a correction factor of 0.536 for 70-year-old women, whereas the WMA correction factor is 0.718. It is therefore possible to confirm Fair's conclusion that the official MAGT and WMA age gradings do not benefit old runners. Note: AGE = age (years); AGEi = AGE to the power i; DISTi = distance (in kilometres) to the power i; AGEDIST = age*distance; AGE2DIST = (age) 2 *distance; G = sex (1 if male, 0 if female); AGEG = age*sex; AGEiG = age to the power i *G; C = the intercept. The standard errors are White heteroscedasticity corrected. N = number of observations, SSR = sum of squared residuals.
In this paper, I have analysed the impact of ageing on the physical endurance of the human body. Agedependent running data were used to create a model for average running speed of long-distance athletes. I used information on age, distance and sex to explain average running speed and conclude that:
. The top performances of both men and women are seen at the ages of 27-30 years. . The average running speed of girls develops more quickly than the average running speed of boys. . After the age of 30 years, a gradual decline is seen in average running speed. One difference between the present analysis and that of Fair is that I used all available age observations, while Fair did not include ages above 70 years in his estimations. Female runners have a breakpoint at 55 years, but experience a slower reduction in average running speed than men after age 70 years. . Overall, the picture for the human body is rather optimistic. Even at older ages it is still possible to run at a high average running speed. The decrease in correction factors is modest and echoes the estimates of the loss of maximal oxygen uptake.
The rate of slowing down above the age of 30 years is amazingly low for both men and women. The rate of slowing down shows a remarkable similarity with the medical results for the impact of ageing on maximal oxygen uptake. There is no real robust finding that men and women slow down at different rates across distances. Sex interacts with age though in explaining speed. Age interacts with distance: up to 54 years of age, it is profitable to run longer distances; after that, longer distances are tougher for older women and men. Girls perform better than boys, and very old ladies do better than men of an equivalent age (if they are still alive!). The model presented here fits with the general views of other studies, but differs in detail. I agree with Fair (1994) about the exaggerated optimism of official age grading instruments, such as the official MAGT or the WMA norms. I am even more pessimistic than Fair for very old ages. The present model provides a reasonable approximation for the distance relationship between world records. 
